Same-day microbial water quality assessments are not possible with standard methods, which increases the possibility of public exposure to fecal pathogens. This study examined the efficacy of high-volume hollow fibre ultrafiltration coupled to biosensor detection for enterococci in marine waters to allow same-day public notification of poor water quality. Fifty-six 100 l ultrafiltered samples and 100 ml grab samples were collected weekly from May to July 2007.
INTRODUCTION
The indicator paradigm states that certain microorganisms, including enterococci, act as sentinels for the possible presence of human pathogens of fecal origin. Standard monitoring techniques for fecal contamination involve culturing indicator organisms, which requires an incubation period of 24 hours or more (US Environmental Protection Agency 2000 . Recreational water users may be exposed to fecal contamination of those waters prior to the posting of beach advisories during the sample processing period. Rapid approaches for assessing microbial water quality are needed to identify fecal pollution events to prevent this exposure.
Several technologies have recently been developed for rapid detection of microbial targets in complex matrices, including nucleic acid-based and antibody-based procedures (Lim et al. 2005) . In general, nucleic acid-based detection systems are more sensitive; PCR assays detect as few as 30 cells in a short period (Fode-Vaughan et al. 2003; Ibekwe & Grieve 2003; Haugland et al. 2005) . However, PCR requires samples to be relatively free of inhibitors commonly found in complex matrices, such as environmental waters. Another possible weakness of PCR is its high sensitivity and the chance of amplifying the DNA of other organisms present in the sample, which can result in doi: 10.2166/wh.2009.086 false-positive results (Lim et al. 2005) . Antibody-based biosensor assays have been successfully performed on complex matrices, such as ground beef, apple juice, sprout irrigation waters, talc, chlorinated and chloraminated potable water, river water and beach water (Narang et al. 1997; DeMarco et al. 1999 One limitation to the application of antibody-based biosensor assays for detection of biological analytes is the low ambient levels of targets, which are usually much lower than the 10 5 CFU ml 21 detection limit of the instrument. 
Concentration system and procedure
The design and operation of the Rec DEC has been previously described (Leskinen & Lim 2008) . The Rec Waveguides were cleaned in a sonicating bath containing isopropanol, rinsed with deionized water, and the distal tip was masked with black paint to provide a light dump for the biosensor's laser (Kramer & Lim 2004) . Four waveguides were fixed into a coupon with optical glue for each sample. Each coupon containing four waveguides was inserted into the RAPTOR for sample interrogation.
RAPTOR assay of final retentates
Final retentates were analysed for the presence of enterococci with the biosensor assay as described by Leskinen & Lim (2008) . Each retentate (125 ml) was incubated in duplicate on waveguides for 10 min at 378C. Positive and negative control waveguides were included in each assay. 
Calculation of RAPTOR results
A waveguide normalization factor was generated by divid- The LOD was subtracted from the emission value for each sample reading (pA) to achieve the signal above the limit of detection (SALOD). If the SALOD value was greater than zero and larger than the SALOD value from the negative control waveguide (CBC buffer), the sample was considered positive for enterococci. If the SALOD value was less than zero or less than or equal to that of the negative control, the sample was considered negative.
Statistical analysis
Differences in ambient cell concentrations and those in the 
RESULTS

Enterococci concentrations in ambient water samples versus cells recovered following ultrafiltration and post-filtration processing
Fifty-six surface grab and 100 l concentrated samples from Doheny State Beach were analysed for enterococci by US EPA method 1600. Culturable enterococci concentrations in ambient water samples ranged from 0 to 2.6 log 10 CFU/100 ml (Table 1; The extrapolated number of culturable enterococci present in 100 l of ambient water ranged from 3.2 to 4.9 log 10 CFU ( Table 1 ). The total number in 4 ml of final retentate ranged from 2.6 to 4.5 log 10 CFU. Differences in the concentration factors between sites were not found † Extrapolated values from culturable counts as determined by EPA method 1600 (CFU/100 ml) represent the number of culturable enterococci present in the 100 l sample.
Example: 100 CFU/100 ml £ 100,000 ml (equivalent to 100 l) ¼ 100,000 CFU. ‡ Extrapolated values from culturable counts of samples processed after shipment represent the number of culturable enterococci present in the 4 ml sample. Example: 1 £ 10 4 CFU ml 21 £ 4 ml ¼ 4 £ 10 4 CFU. § Recovery percentage and concentration factors calculated as described in Leskinen & Lim (2008) .
trations of enterococci present in the different sample volumes can lead to samples that are positive by biosensor analysis yet are on the edge of the statutory limit, which is based on small volume samples. Mean recovery efficiencies for each site and time point ranged from 37% to 195% with an overall average of 107%. Recoveries over 100% have been reported by others performing hollow fibre ultrafiltration of known spiked amounts of the target microbes (Hill et al. 2005 (Hill et al. , 2007 Polaczyk et al. 2008) , as well as previously in Florida using this procedure (Leskinen & Lim 2008 ).
Detection of enterococci in final retentates
An aliquot of each final retentate was examined with the RAPTOR to determine its ability to detect enterococci in the Lang et al. (1999) reported that nearly half of the strains of enterococci evaluated lost culturability in apple cider under refrigerated storage after two days. Although the storage medium differs (marine water versus apple cider) the die-off of nearly 3.0 log 10 CFU ml 21 within the cider over the same storage period as in this study points to the probable loss of enterococci within the marine water remaining in the filter cartridge during storage and transport. Moreover, die-off of enterococci in natural river water mesocosms maintained at 58C has been observed (Medema et al. 1997) . Regardless of the culturability of the enterococci within the final retentate due to extended storage at refrigerated temperatures, the RAPTOR assay was able to detect the presence of the cells in samples with ambient concentrations above California regulatory standards.
Immunoassays can detect viable and non-viable cells, so that any variability in culturable counts could be negated to allow detection of enterococci in poor quality water (Stopa 2000; Zhang et al. 2006 ).
CONCLUSIONS
The research described in this study confirms that the dead-end hollow fibre ultrafiltration process can be successfully performed for rapid recreational water quality monitoring in California marine waters just as it was in Florida marine waters (Leskinen & Lim 2008) . It confirmed that a specific target of interest, enterococci, could be recovered from the filter in a concentration two orders of magnitude higher than in the ambient water. The concentration of enterococci after ultrafiltration and postfiltration processing was sufficient for rapid detection of the target analyte, which was well-correlated with the regulatory standard for poor water quality. These data, coupled with our Florida study (Leskinen & Lim 2008) , demonstrate the potential of the Rec DEC-RAPTOR procedure for rapid water quality monitoring in marine recreational waters.
